AD620513 


I 


•B#502?;1 


RIAS 


TECHNICAL  REPORT 

65-7 

AUGUST  1965 


ON  THE  MECHANISM(S)  OF 
STRESS- CORROSION  CRACKING 


0  U  s  r 


FOK  FKI)K!:al  '  '  p 

.\r.  I.VFn-;.iA  ,  - 

Kaidco->v  Mic.'cfichv  ■  ■" 


5 


a 


0 

I 


-  V  s, 


By 

E.N.  PUGH 


P  ^  r 

p 

SEf  16  1955 

- 

TiSIrt  fi  “ 

ON  THE  MECHANISM(S)  OF  STRESS -CORROSION  CRACKING 

by 


E.  N,  Pugh 


First  Technical  Report  to  A.R.O.(j) 


Army  Research  Oi’fice  (Durham)  Project 
DA-3I-I24-ARO-D-258 


August  1965 


Reproduction  in  whole  or  in  part  is  permitted  for  any 
purpose  of  the  United  States  Government 


Research  Institute  for  Advanced  Studies 
(y^rtin  Co.) 

1450  S.  Rolling  Road 
Baltimore,  Maryland  21227 


ABSmACT 


A  critical  review  has  been  made  of  seme  of  the  major  theories  of 
stress -corrosion  cracking,  with  particular  reference  to  the  long-standing 
question  of  whether  a  single,  generalized  mechanism  exists.  It  is  con¬ 
cluded,  largely  on  the  basis  of  recent  studies  of  a-brass  and  of  aged 
aluminum  alloys,  that  several  different  mechanisms  are  in  fact  operative 
in  different  systems,  so  tirat  stress -corrosion  cracking  must  be  regarded 
as  a  generic  term.  Consideration  is  given  to  areas  which  require  further 
study. 


To  be  published  in  Proc.  Conf.  on  "Environment -Sensitive  Mechanical 
Behavior,"  BaltH[more,  Maryland,  June  I965. 
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IlORODUCTION 

Stress -corrosion  cracking  is  probably  the  most  widely  stiidied  yet 

least  understood  aspect  of  environment -sensitive  mechanical  behavior. 

The  confusion  existing  in  this  area  is  reflected  by  the  fact  that  the  term 

Itself  lacks  a  precise  or  viniversally  accepted  definition.  In  general 

termS;  it  can  be  described  as  an  embrittlement  process  which  occ\xrs  in 

metals^  or  to  be  more  specific,  in  metallic  alloys,  when  they  are  stressed 

in  certain  corrosive  environments.  There  is  some  difference  of  opinion 

1  2 

concerning  the  nature  of  the  corrosive  environments.  Some  workers  *  con¬ 
sider  that  the  term  stress -corrosion  cracking  includes  failures  induced 
by  (l)  aqueous  environments,  (il)  liquid  metals,  and  (ill)  hydrogen.  How¬ 
ever,  it  is  more  common  to  confine  the  term  to  case  (i),  referring  to 
cases  (ii)  euid  (iii)  as  Hquid-metal  embrittlement  and  hydrogen  embrittle¬ 
ment,  respectively.  This  convention  is  a^pted  in  the  present  paper. 

There  have  been  seversLl  attempts  to  formulate  a  more  precise  deflnl- 

3 

tion  of  stress-corrosion  cracking.  For  example,  it  has  been  claimed  that 
"the  term  stress  corrosion  (cracking)  Implies  a  greater  deterioration  in 
the  nechai'iioal  properties  of  the  material  through  the  simultaneous  action 
of  static  stress  and  exposure  to  corrosive  environment  than  would,  occur  by 
the  separate  but  additive  action  of  those  agencies".  It  will  be  seen  below 


The  term  embrittlement  is  used  to  denote  a  reduction  in  macroscopic  ducti¬ 
lity;  it  does  not  Imply  that  the  fracture  process  is  necessarily  brittle,  or 
that  the  mechanical  properties  of  the  material  become  pensanently  impaired 
by  exposvue  to  stress-corrosion  conditions. 
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that  the  two  main  conditions  of  this  statement,  (i)  that  stress  and  (jorro- 
sion  mjst  act  Irsultaneously,  and  (ii)  that  stress  must  he  static,  are  not 
necessary  in  ell  cases. 

It  is  usual  to  accept  that  the  term  stress-corrosion  cracking 
applies  only  to  metals.  This  probably  results  from  an  early  theory  which 
considered  that  stress -corrosion  cracking  is  basiceQly  an  electruchemicel. 
phenomenon.  However,  Westwood  et  al.^  have  demonstrated  that  brittle, 
intercrystalline  cracking  occtirs  in  the  non-metal  silver  chloride  when  it 
is  stressed  in  aqueous  environments  containing  certain  silver  complex  ions, 
and  that  the  failvixe  exhibits  many  phenomenological  similarities  with  stress- 
corrosion  cracking  in  laetals.  At  the  present  time,  the  question  of  whether 
the  failure  in  silver  chloride  should  be  termed  stress -corrosion  cracking 
is  purely  one  of  semantics. 

These  questions  of  terminology  stem  directly  from  the  fact  that  the 
mechanism  of  stress -corrosion  cracking  is  not  understood.  Moreover,  it  is 
not  known  with  certainty  ^d^ether  a  single  generalized  mechanism  exists  or 
\rtiether  stress -corrosion  cracking  is  simply  a  generic  term.  The  purpose  of 
this  paper  is  to  critically  examine  the  major  mechanisms  which  have  been 
proposed  to  explain  stress -corrosion  cracking.  Inevitably,  a  recurring  theme 
in  such  a  paper  is  the  question  of  whether  a  generalized  mechanism  exists. 

Before  discussing  the  proposed  mechanisms,  it  is  riCcessary  to  con¬ 
sider  the  characteristics  of  the  failures. 
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CHARACTERISTICS  OF  STRESS -CORROSION  CRACKING 

Stress-corrosion  cracking  has  been  observed  In  a  vide  variety 
of  coimercially  Impozl^ant  materials.  For  example.  It  occurs  In  aluminum 
alloys,  brasses,  steelfi  -  both  mild  and  stainless,  magneslvm  alloys,  and 

9-14 

titanium  alloys.  The  characteristics  of  the  failures  are  well  documented  , 
so  that  In  most  cases  they  need  only  be  briefly  outlined. 

The  main  characteristics  which  must  be  taken  Into  account  are : 

(1) .  Cracking  Is  Intercrystalline  In  soo^  cases  (e.g.  aluminxaa  alloys, 

mild  steel)  and  transcrystaUlne  In  others  (e.g.  austenitic  stainless  steels). 

In  some  materials,  magnesian -base  alloys  for  example,  either  type  of  failure 

15 

can  be  produced  by  controlling  the  heat  treatment  .  Cracking  in  a-brass 

can  be  either  trans-  or  intercrystalline  depending  on  the  pH  of  the  environ- 

.16 

ment  . 

(2) .  The  environments  which  cause  stress -corrosion  cracking  appecur  to  be 

specific.  Thus  a  nvmber  of  eujueous  solutions  may  produce  general  or  even 

preferential  attack  in  a  particular  material,  but  only  certain  of  these 

will  cause  stress -corrosion  cracking.  For  example,  mild  steels  crack  in 

17 

nitrates  and  alkalies  but  not  In  chlorides,  sulphates  or  perchlorates  • 

On  the  other  hand,  failures  In  austenitic  stainless  steels  appear  to  be 
confined  to  envlroixaents  containing  halides,  principally  chlorides,  and 
caustic  alkalies^' The  classical  example  occurs  in  a-brass,  yhlch  tradi¬ 


tionally  has  been,  considered  to  stress -coxTOde  only  in  the  combined  presence 
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of  aaanonia  (or  certain  aoimonla  derivatives),  water  and  air  However,  re¬ 
cent  work  indicates  that  stress -corrosion  cracking  in  a-hrass  eiiso  can  occur 

21  22 

in  solutions  containing  either  nitric  acid  or  cupric  nitrate  * 

(3)«  Stresses  \diich  cavuse  stress-corrosion  cracking  may  be  residual  or 

externally  applied  but  they  must  be  tensile.  The  magnitude  of  the  stresses 

can  be  considerably  below  those  required  to  cause  fracture  in  the  absence 

of  the  environment.  Fig.  1  illustrates  the  relationship  between  engineering 

stress  and  stress -corrosion  lifetime  for  a  polycrystalline  magnesium-base 

alloy  statically  loaded  in  an  aqueous  sodlua  chloride  -  sodium  chromate 
23 

solution  .  It  can  be  seen  that  the  time  to  failure,  tj„  increases  with 

decreasing  stress,  and  that  a  limiting  stress  level  exists,  a  ,  below  which 

cracking  does  not  occur  in  finite  times.  This  limiting  valxie  is  somewhat 

higher  than  the  flow  stress,  a^,  for  this  material,  detezmined  in  dynamic 

tests.  This  i^Iationshlp  between  t  and  the  magnitude  of  the  static  stress 

r 

2k 

IS  characteristic  of  many  stress -corrosion  systems  .  In  many  cases,  the 

2*5  26 

aixitirg  stress  level  has  been  observed  to  approximate  the  flow  stress 
Hcv’o^’er,  failures  in  a-brass  have  been  observed  tinder  certain  conditions 
at  significantUy  lower  stresses^ 

(k).  Stress-corrosion  cracking  was  for  many  years  considered  to  require 
static  stresses  (see  statement  by  Sutton  et  al.^  above).  Hot«ver,  in  I96I 
Coleman  et  al.  ^  demonstrated  that  stress -corrosion  cracking  could  occur 
under  cervditions  of  dynamic  loading  in  both  an  austenitic  stainless  steel 


AQUEOUS  NoCI-Na2CrQ4  -  FRESH 
AQUEOUS  NoCI-Na2Cr04  -"PRESATURATED" 
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eind  in  a  magnesium -aluminun  alloy-  Since  that  time,  similar  results  have 
been  noted  by  other  workers^^'^'^^.  Fig.  2  illustrates  tensile  stress - 
strain  curves  for  a  polycrystalline  alloy  containing  70  pet  copper  and 
30  pet  zinc  stressed  at  a  strain  rate  of  5  pet/min  in  air  and  in  oxy¬ 
genated  concentrated  I5N)  aqueous  ammonia  cont^Lining  10  g/l  copper,  res- 
23 

pectively  Failxire  in  the  agponiacal  environment  was  intercrystalline. 
Similar  behavior  was  noted  for  all  strain  rates  investigated  (1  -  50  pet/min). 
Hoar  and  ScuUy^^  investigating  the  effect  of  strain  rate  on  the  anodic  disso¬ 
lution  rate  of  I8  pet  Cr  -  8  pet  Ni  stainless  steel  wires  maintained  at  a 

constant  potential,  viz,  -  0.14  v(e  ),  in  boiling  42  pet  magnesiua  chloride 

n 

solxition,  found  that  stress -corrosion  cracking  occurred  at  strain  rates  up 

to  13  pet/min  but  that  at  higher  rates  general  dissolution  took  place.  Table  I. 

In  dynamic  tests  on  a  magnesiua -base  alloy  and  on  a-brass.  Fig.  2, 

stress -corrosion  cracks  were  found  to  be  initiated  at  stresses  slightly 

23  29 

above  the  flow  stress,  .  Coleman  et  al.  reported  that  in  the  austenitic 
stainless  steel  and  the  magnesiw-aluninum  alloy,  cracking  occurred  at  approxi¬ 
mately  the  flow  stress.  Moreover,  it  was  claimed  that  the  stress  to  initiate 
cracks,  was  dependent  on  the  grain  diameter,  d.  Plots  of  against 
d’^^  yielded  straight  lines,  e.g.  Fig.  3,  and  therefore  it  was  suggested  that 
the  Petch-Stroh  relationship''^'^''  was  obeyed,  that 


o«  ■  o_  K  d 
F  o 


[1] 
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Table  I .  Influence  of  Strain  Rate  on  Anode  Current 
Density  of  18  Cr-8  Ni  Steel  Wires  held  at  -0,l4v(e  )  in 
k2  pet,  JigClg  at  154^0  (after  Hoar  and  Scully^) 


Strain  Rate  Anode  Current  _ 

(pet/min)  Density  (oia/cffi  ) 


Stress -Corros ion 

0 

0.13 

Cracking  (about  400  cracks/ 

4 

0.24 

cm  of  wire) 

13 

0.35 

General 


40 


Dissolution 


107 


3.0 


-  u  - 
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Fig.  3-  Illustrating  the  relationship  between  the  stress  to  initiate 

stress -corrosion  cracks  in  304  stainless  steel  and  gredn  size,  d.  (After 
29  \ 

Coleman  et  al.  ) 
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where  and  K  are  constants.  Parkins  nas  reported  similar  observations 
for  mild  steels  stressed  in  boiling  nitrate  solutions.  The  significance 
of  these  observations  is  discussed  below. 

(5)«  It  has  been  established  that  stress-corrosion  cracking  can  be  pre¬ 
vented  by  cathodic  protection.  This  has  been  demonstrated  for  alloys  of 

12 

aluminum,  copper,  meignesium,  and  iron  .  It  is  \rt.dely  considered  that  this 
indicates  the  fundamentally  electrochemical  nature  of  the  stress -corrosion 
process,  that  the  corrosion  stage  does  not  involve  a  homogeneous  reaction 
in  which  the  exchange  of  electrons  between  reacting  species  occurs  locally, 
but  rather  an  electrochemical  reaction,  where  cvirrent  flows  over  distances 
which  are  large  on  an  atomic  scale.  This  conclusion  may  be  an  oversimplifica¬ 
tion  in  seme  cases.  For  instance,  cathodic  protection  prevents  stress -corrosion 
cracking  in  ct-brass  stressed  in  oxygenated  aqueous  ammonia  containing  large 

+2  23 

concentrations  of  the  cupric  ccmplex  ion  Cu(NHj)^  .  However,  it  will  be 
seen  below  that  the  mechanism  of  failuie  in  such  a  solution  is  not  electro¬ 
chemical  in  the  accepted  sense.  Moreover,  the  embrittlement  of  the  non-metal 
silver  chloride^"®  exhibits  the  phenomenological  characteristics  of  stress - 
corrosion  cracking.  The  likelihood  of  electron  flow  over  relatively  large 
distances  in  this  material  is  remote. 

Other  characteristics  have  been  suggested: 


(6).  It  is  widely  held  that  stress -corrosion  cracking  is  cenfined  to  alloys 

and  that  it  does  not  occur  in  pure  metals.  While  it  is  undoubtedly  true  that 

pure  metals  are  far  less  susceptible  than  alloys,  recent  evidence  suggests 

54- 

they  are  not  completely  immure.  Thomas'^  has  claimed  to  have  produced 
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stress -corrosion  cracking  in  quenched  pure  aluminum.  Plis*'*^  has  reported 
that  whiskers  of  pure  iron  undergo  intercrystalline  stress -corrosion  cracking 
in  hot  ammonium  nitrate  solutions.  These  reports  remain  to  he  confirmed; 
nevertheless,  they  indicate  that  this  characteristic  must  he  regarded  with  some 
caution. 

(7)«  Several  workers^^^^^  36-38  suggested  that  stress -corrosion  behavior 

is  related  to  the  dislocation  structure  of  the  deformed  material,  which  is 

related  in  turn  to  stacking-fault  energy  or  to  the  presence  of  order  in  the 

material.  Much  of  this  work  is  recent  and  has  not  heen  extensively  reviewed 

elsewhere,  so  that  it  is  necessary  to  consider  this  topic  in  some  detail. 

In  austenitic  stainless  steels,  susceptibility  to  transcrystalline 

stress -corrosion  cracking  has  heen  reported  to  he  favored  by  the  formation 

57 

of  planar  dislocation  arrays,  Bamartt  et  al.-^'  investigated  a  high-purity 

austenitic  steel  containing  l6  pet  chromium  and  20  pet  nickel.  This  material 

was  found  to  he  immune  to  stress -corrosion  cracking  in  boiling  aqueous  magnesium 

chloride  solution.  The  addition  of  I.5  pet  manganese  produced  no  significant 

effect  on  stress -corrosion  behavior,  hut  additions  of  either  I.5  pet  molyhdenun 

or  0.^  pet  titanium  caused  cracking  to  occur.  Electron-microscope  studies 

established  that  dislocations  in  the  susceptible  alloys  formed  planar  arrays, 

while  in  the  Immune  alloys  a  cellular  dislocation  distribution  was  produced. 

Moreover,  measurements  of  stacking-fault  energies,  using  the  method  described 
5Q 

by  Whelan*^'^,  indicated  that  the  energies  were  high  for  the  immune  materials 
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and  low  for  the  susceptible  alloys,  and  it  was  concluded  therefore  that  the 
formation  of  the  planar  arrays  in  the  susceptible  alloys  resulted  from  the 

lowering  of  the  stacking-favO-t  energy  so  that  cross  glide  was  restricted. 

58 

Swann*^  has  studied  the  effect  of  varying  the  nickel  content  of 
an  austenitic  steel  containing  18  pet  chromium.  Earlier  workers  had  estab¬ 
lished  that  increasing  the  nickel  content  above  8  pet  results  in  an  increas- 

40  4l 

ing  resistance  to  stress-corrosion  cracking,  *  see  Pig.  4.  Using  transmission 
electron  microscopy,  Swann  found  that  increasing  the  nickel  content  caused  an 
increase  in  stacking -fault  energy.  Fig.  4,  accompanied  by  the  expected  changes 
in  dislocation  substructure  (i.e.  planar  arrays  to  a  more  cellular  distribu¬ 
tion),  However,  Swann  pointed  out  that  the  formation  of  planar  dislocation 
arrays  does  not  necessarily  require  low  stacking -fault  energies.  For  example, 
additions  of  either  phosphorus  or  nitrogen  were  found  to  promote  such  arrays 
in  these  steels  and  also  to  reduce  resistance  to  stress -corrosion  cracking, 
but  the  stacking -fault  energies  remained  high  (see  effect  of  nitrogen, 

Fig.  4),  In  these  cases,  Swann  attributed  the  formation  of  planar  arrays 
to  ordering  effects  in  the  lattice.  Both  elements  have  a  strong  affinity 
for  chromium  so  that  it  was  suggested  that  they  would  be  closely  associated 
with  chromium  atoms  in  the  austenite  lattice.  Dislocations  moving  through 
the  lattice  would  destroy  this  relationship  and  enable  subsequent  disloca¬ 
tions  on  the  same  slip  plane  to  glide  more  easily  and  hence  foitn  a  planar 
distribution  of  dislocations. 
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Fig.  4-  Effect  of  nictel  content  on  stacking-fault  energy  and  tloe  to 
stress-corrosion  failure  of  IB  pet  chroaiun  stainless  steels.  (After 
Swarji^. ) 
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These  observations  suggest  that  the  formation  of  planar  dislocation 

arrays^  caused  either  by  low  stacking -fault  energy  or  by  the  existence  of 

ordering,  Is  a  necessary  condition  for  transcrystalline  stress -corrosion 

cracking  In  austenitic  stainless  steels.  However,  recent  work  by  Thomas, 

42 

Stickler  and  Alllo  suggests  that  the  formation  of  such  arrays  Is  not  a 
sufficient  condition,  for  It  was  fovmd  that  while  both  304  stainless  steel 
(l8  pet  ohromlua  and  8  pcc  nickel)  and  Incoloy  800,  an  austenitic  alloy  con¬ 
taining  -w  20  pet  chromliji  and  33  pet  nickel,  exhibit  planar  dislocation 
arrays,  the  former  was  highly  susceptible  to  stress -corrosion  cracking  In 

boiling  magneslua  chloride  solution  while  the  latter  was  immune.  More 

43 

significantly,  Saxena  and  Dodd  have  reported  that  transcrystalline  stress - 

corrosion  cracking  occurs  In  an  austenitic  stainless  steel  containing  20  pet 

chrominn,  20  pet  nickel,  1.5  pet  molybdenun,  and  0.3  pet  carbon,  despite  the 

fact  that  cellular  dislocation  structures  were  observed;  there  was  no  evidence 

for  the  existence  of  planar  arrays  in  the  deformed  material. 

In  copper-base  alloys,  it  is  accepted  that  stress -corrosion  cracking 

can  ocevuT  in  materials  in  which  dislocations  form  either  planar  arrays  or 

44 

cellular  strvetures.  For  example,  Thompson  and  Tracy  have  reported  stress- 

corrosion  failures  in  a  series  of  different  binary  alloys,  including  those 

with  zinc,  alualnvia  and  phosphorus,  respectively.  Electron-microscope  studies 

have  shown  that  planar  arrays  exist  in  copper-zinc  and  copper-slumlnua  alloys, 

4*5 

except  for  very  dilute  alloys  ,  while  cellular  dislocation  structures  are 
fonned  in  the  case  of  copper-phosphorus  alloya^^. 
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Several  workers^^^  ^  have  suggested  that  the  path  of  cracking 
In  copper-base  alloys  Is  controlled  by  stacking-fault  energy.  Tromans  and 
Nutting'^  have  proposed  that  \rtiile  inteiv;ry6ta''line  cracking  can  occur  in 
allc'-s  of  high  or  low  stacking-fault  energy,  transcrystalline  cracking  is 
coifincd  to  the  latter.  According  to  these  workers,  cracking  follows  paths 
of  highest  dislocation  density  (the  actual  mechanism  of  failure  is  dis¬ 
cussed  in  the  following  section).  In  materials  of  high  stacking-fault 
energy,  grain  boundaries  were  considered  to  constitute  regions  of  high  dis¬ 
location  density,  so  that  intercrystalline  cracking  was  predicted;  easy 
cross-glide  in  such  materials  prevents  the  formation  of  stable  dislocation  pile- 
^ps  within  the  grains  and  therefore  the  theory  indicates  that  no  trans¬ 
crystalline  cracking  should  ocwur.  Tromans  and  Nutting  suggested  that  in 
the  case  of  materials  of  low  stacking -fault  energy,  the  path  of  cracking 
depends  on  the  amount  of  plastic  strain.  At  low  strains,  dislocation  pile- 
ups  are  confined  largely  to  grain  boundaries,  while  at  higher  strains  pile-vps 
also  occxur  within  the  grains.  It  was  predicted,  therefore,  that  cracking 
would  be  intercrystal  line  at  low  strains,  and  both  inter-  and  transcrystalline 
at  higher  strains. 

These  predictions  are  sxipported,  to  some  extent,  by  experimental 
observations.  There  is  no  evideiwe  in  the  literature  that  transcrystalline 
stresr -corrosion  cracking  occurs  in  copper  alloys  of  hl^  stacking -fault  energy. 
>k>reovcr,  the  proposed  strain-dependent  transition  from  inter-  to  tarans- 
crystalline  cracking  has  been  observed  in  70:30  brass  (low  stacking -fault 
energy,  -  8  ergs/cm^)  results  reported  by  Swann^  are  of  particular 
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interecz.  It  vas  considered  that  the  transition  in  copper-zinc  alloys  corres¬ 
ponds  Ginply  to  the  change  from  a  cellular  dislocation  structure  (hijh  stacking- 
fault  energy)  to  one  exhibiting  planar  dislocation  arrays  (low  stacking -fault 

energy).  This  conclusion  vas  based  on  a  comparison  of  stress-corrosion  data 

25 

reported  by  Robertson  and  Tetelman  ,  the  stacking-fault  energies  of  Howie 
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and  Swann  ,  and  electron-microscope  studies  by  Swann  ,  see  Fig.  5»  The 
stress -corrosion  results  were  obtained  from  copper-zinc  alloys  prestrained 
37  pet,  and  tested  in  ammonia  vapor  under  an  applied  stress  of  23  pet  of 
that  required  to  produce  37  pet  strain  in  each  alloy.  Under  these  conditions, 
the  transition  from  intercrystalline  to  transcrystalline  cracking  was  observed 
to  commence  at  iS  pet  zinc.  The  electron  •microscope  studies,  carried  out  on 
alloys  strained  5  pet,  indicated  that  the  transition  from  cellular  disloca¬ 
tion  structures  to  planar  arrays  also  occurred  at  -v  18  pet  zinc.  Fig.  5. 

However,  this  correlation  presumably  results  from  the  particular  stress- 
corrosion  testing  procedure,  the  x»e  of  the  large  prestrains  ensuring  the 
formation  of  pile-ups  within  tne  grains  of  alloys  of  low  stacking -fault 

energies.  Such  a  correlation  would  not  oe  expected  under  different  testing 

25 

conditions.  Indeed,  Robertson  and  Tetelman  '  emphasized  that  the  transition 
in  the  node  of  cracking  depends  on  the  amount  of  plastic  prestrain. 

Data  for  copper-almiinxia  alloys  also  are  presented  in  Fig.  3« 
m\Bt  bu  pointed  out  that  in  this  cas^?  the  transition  from  inter-  to 

38 

transcij-stallirse  cracking  is  simply  a  prediction  by  Swann''^  based  on  his 
electror.-microacope  studies.  There  are  no  experimental  data  in  the  iitera- 
tvire  oc  ceming  the  transition  composition,  if  such  exists. 


-  19  - 


WT.  %  Zn  DISLOCATION 


Fig.  5-  BelAtionfihlp  between  etacklng-fault  energy  r  (in  unite  of  10*^  Gb), 
disloca;.ion  structure,  and  node  of  streas-corrcsior.  failure  for  copper- 
zinc  a:'d  copper-aluninum  alloys.  The  broken  lines  are  claiaed  to  Indicate 
the  transition  from  intercrystalline  (I)  to  trsnscrystalline  (T)  cracking. 

(After  Swann^. ) 
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To  suanarize,  the  earlier  suGcestion"^'^  ^  that  transcrystalline 

stress -corrosion  cracking  in  austenitic  stainless  steel  occurs  only  in  alloys 

in  which  planar  dislocation  arrays  are  formed  has  not  been  confirmed  by 

k2 

later  studies.  Thomas  et  al.  have  shown  that  the  formation  of  planar 

arrays  is  not  a  sufficient  condition  for  cracking  to  occur,  and  more  recent 

U3 

work  by  Saxena.  and  Dodd  has  indicated  that  such  arrays  are  not  a  necessary 
condition.  In  the  case  of  copper-base  alloys,  the  existing  evidence  sug¬ 
gests  shat  transcrystalline  cracking  is  confined  to  materials  of  low 
stacking -fault  energy  (i.e.  those  in  which  planar  arrays  are  formed).  How¬ 
ever,  the  relevance  of  dislocation  structure  in  copper  alloys  can  be 
qvestioned,  since  it  been  shown  that  either  trans-  or  intercrystalline  cracking 
can  be  produced  in  an  alloy  containing  ~  37  pct  Zitic  by  varying  the  pH  of  the 
environment^. 

PROPOSED  MBCHANIS>6 

4  46 

The  electrochemical  theory  proposed  by  Dix  and  his  covorkers  * 
serves  as  a  useful  introduction.  According  to  this  generalized  model,  a 
prerequisite  for  stress-corrosion  cracking  is  the  existerM:e  of  a  localized 
anodic  path  in  the  material.  Thus  in  the  presence  of  a  corrosive  aqueous 
envircraent  and  a  tensile  stress,  a  galvanic  cell  is  set  up  in  which  «he 
anodic  path  is  preferentially  attacked.  The  base  of  the  resulting  corrosion 
crevico  then  .ccooes  the  site  of  stress  concentrations,  and  these  were  thought 
to  cause  the  metal  to  "tear  apart  by  oecharJ.cal  action".  It  was  considered 
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that  tiie  "tearing  action"  exposes  fresh  netal,  unprotected  by  films,  so 
that  accelerated  corrosion  occurs  in  this  region.  This  in  txim  leads  to 
further  stress  concentration  and  fxirther  "tearing"  of  the  metal.  Thus 
cr&ckir^  propagates  by  cycles  of  accelerated  corrosion  and  "tearing"  of  the 
metal. 

VHiile  this  model  accounted  for  the  apparent  electrochemical  nature 
of  stress-corrosion  cracking,  it  left  many  questions  xmanswered,  princi¬ 
pally  concerning  the  phrase  "tearing  apart  by  mechanical  action".  Later 

49 

workers  interpreted  this  phrase  differently.  For  example,  Uhlig  con¬ 
sidered  that  it  referred  to  plastic  deformation  of  the  substrate,  which 

destro./s  protective  films  and  thereby  continually  exposes  fresh  anodic 

2k 

cateriai  to  the  environment.  On  the  other  hand,  Harwood  argued  that 
the  p..--ase  implied  a  stage  of  bx'ittle  mechanical  fracture  of  the  metal 
it sell .  These  viewpoints  clearly  are  diametrically  opposed.  According 
to  thv  fencer,  crack  propagation  proceeds  by  preferential  dissolution  at 
the  crj.ck  tip,  while  according  to  tne  latter  cracking  is  mechanical.  It 
vrould  <^pear  that  this  question  could  oe  readily  resolvea  by  studies  of 
crack  ;  ropagation,  but  unfortunately  it  is  difficult  to  interpret  the  re¬ 
sults  of  such  studies  unambiguously,  in  fact,  this  dichotomy  still  exists 
—  the  mary  theories  wnich  hav.  been  proposed  since  the  early  theoiy  of 
Dix  et  al.  fail  into  two  main  groups;  (i)  those  which  consider  crackir^ 
proce.  J.S  by  preferential  dissolution,  (il)  those  which  consider  -hat  cracking 
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Consider  the  main  problems  faced  by  the  two  groups.  Proponents 

of  the  dissolution  theory  have  to  e;:piain  how  dissolution  is  concentrated 

at  the  crack  tip  and  have  to  account  for  the  high  rates  of  cracking  commoniy 

observed.  Por  example,  it  has  been  claimed  that  a  characteristic  cracking 

rate  of  1  cm/hr  exists  for  many  stress -corrosion  systems  ;  tnis  rate  is 

58 

thought  to  be  considerably  higlier  than  normal  corrosion  rates  ,  On  the  other 

hand,  any  mechanical  model  must  account  for  the  occurrence  of  brittle  failures 

in  nortaally  ductile  materials.  Contrary  to  the  statement  of  Robertson  and 
25 

Tetelman  ,  concerning  the  inter  crystalline  stress -cori'osion  cracking  of 

homogeneous  fee  alloys,  that  "it  is  not  hard  to  imagine  that  the  (corroding) 

boundary  can  be  weakened  so  that  small  stress  concentrations  at  the  bourjdary 

can  provide  the  energy  to  cause  fracture",  it  is  in  fact  difficult  to  ex- 

2^ 

plain  in  detail  how  failure  occurs.  Harwood  ,  for  example,  has  suggested 

that  plastic  deformation  at  the  tip  of  the  corrosion  crevice  produces 

"condixions  of  constraint  and  multiexial  stiesses"  which  in  turn  lead  to 

brittle  cracking.  However,  it  is  difficult  to  reconcile  this  model  with  the 

behavior  of  materials  sxjch  as  austenitic  stainless  steel  and  a-brass  which 

show  no  notch  sensitivity  in  the  absence  of  the  embrittling  species.  This 

criticism  can  also  be  3evelled  against  the  more  recent  suggestion  by 
51 

Nielsen  that  the  deposition  of  solid  corrosion  products  within  a  corrosive 
crevice  in  austenitic  stainless  steel  can  assist  in  producing  stress -corrosion 


The  reliability  of  measured  rates  of  cracking  is  questionable  because  in  many 
systems  it  is  not  known  whether  cracking  is  continuous  or  discontinuous. 
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cracking  by  exerting  a  wedging  action.  This  might  in  fact  make  soiae  con¬ 
tribution  to  the  stress  concentration,  but  in  no  way  explains  how  this 
stress  leads  to  brittle  fracture  rather  than  to  plastic  deformation. 

In  the  following  pages,  some  of  the  specific  models  are  described 
and  correlated  with  experimental  findings. 

Dissolution  Models ;  Any  model  of  stress -corrosion  cracking  must 
account  for  both  crack  initiation  and  crack  propagation.  In  general  terms, 
the  initiation  stage  presents  little  difficulty,  since  the  formation  of  a 
corrosion  crevice,  possibly  of  microscopic  dimensions,  can  be  imagined  to 
occur  by  several  processes,  e.g.  preferential  dissolution  at  grain  boundaries, 
stacking  faults,  and/or  slip  bands.  The  major  problem  facing  dissolution 
models,  as  we  have  seen,  is  to  explain  how  further  dissolxition  is  concen¬ 
trated  first  at  the  tip  of  the  crevice,  allowing  it  to  grow  into  a  macro¬ 
scopic  crack,  and  then  at  the  crack  tip  itself.  Since  plastic  deformation 
is  concentrated  ahead  of  the  crevice  or  crack,  it  would  be  attractive  to 
attribute  the  rapid  dissolution  to  the  higher  energy  of  the  deformed  material, 
that  is,  to  the  fact  that  deformed  metal  is  anodic  relative  to  xjndeformed 
metal.  However,  it  is  generally  considered  that  the  effect  of  elastic  strain 
energy  is  too  small  to  accoxuit  for  a  significant  increase  in  dissolution 
rate^>5. 

It  lias  been  suggested  that  preferential  dissolution  occurs  at  the 
tip  of  the  crevice  because  plastic  deformation,  concentrated  in  that  region, 
causes  the  rupt\are  of  passive  surface  film^^”^.  A  galvanic  cell  is  thus  set  up 
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between  the  film-free  region  at  the  tip  of  the  crevice  (anodic)  and  the  filmed 

sides  of  the  crevice  (cathodic).  Dissolution  at  the  tip  leads  to  further  stress 

concentration  and  hence  to  fiarther  localized  plastic  deformation,  which  in 

turn  prevents  the  reformation  of  the  passive  film  in  that  region  and  th\js 

ensures  further  localized  dissolution.  Cracking  then  proceeds  by  repeated 

cycles  of  deformation  and  dissolution.  Film-rupture  mechanisms  of  this 

type  have  teen  advocated  by  Champion^^  and  Logan^^^^.  The  mechanism  is 

4  48 

similar  to  that  of  Dix  et  al.  *  but  it  differs  from  the  latter  in  that 
it  does  not  imply  any  stage  of  mechanical  cracking  of  the  metal  itself. 

Moreover,  it  does  not  require  a  pre-existing  anodic  path, 

A  criticism  of  the  film-rupture  model  was  that  it  does  not  account 
for  the  absence  of  marked  susceptibility  to  stress -corrosion  cracking  in  pure 
metals,  which  also  become  coated  with  passivating  films.  This  objection  has 
been  met  by  recent  developments  of  the  film-rupture  mechanism,  notably  by 
Swann  and  Emb\iry^^.  These  workers,  considering  transcrystalline  stress -corrosion 
cracking,  argue  that  surface  films  are  more  likely  to  be  ruptured  by  coarse 
tlian  by  fine  slip.  The  height  of  slip  steps  in  pure  metals  and  dilute  alloys 
is  small  and  therefore  it  was  considered  that  film  rupture  is  unlikely.  On 
the  other  hand,  alloys  of  low  stacking -fault  energy  or  alloys  in  which 
ordering  exists,  exhibit  coarse  slip  and  in  these  materials  film  rupture  can 
be  expected.  This  argument  thus  predicts  a  correlation  between  susceptibi¬ 
lity  to  tr^^lscrystalline  stress -corrosion  cracking  and  coarse  slip  (i.e. 
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planar  dislocation  arrays)*  It  was  seen  above  that  there  Is  meager  evidence 
for  such  a  correlation. 

The  film-rupture  model  for  transczystalllne  stress -corrosion  crack¬ 
ing^  as  modified  by  Swann  and  Embury^^^  can  be  emmarlzed  as  follows  :* 

(i)  Formation  of  a  passive  film  over  most  of  the  surface. 

(il)  Rupture  of  the  film  by  slip. 

(ill)  Tunnel  corrosion  at  the  exposed  metal^  leading  to  the  formation  of 

tubular  corrosion  pits.  Pits  of  this  type  have  been  observed  by 

56 

Pickering  and  Swann‘S  in  several  alloys,  viz.  copper-zinc,  copper- 

aluminum,  and  magneslum-alvDilnimi  alloys,  after  exposure  to  solutions 

57 

which  cause  stress -corrosion  cracking.  Nielsen^'  has  reported  a 
similar  type  of  tunnel  corrosion  in  austenitic  stainless  steels 
exposed  to  boiling  aqueous  magnesiun  chloride  solutions. 

(iv)  Ductile  ruptiue  of  a  slot  weakened  by  many  tubular  pits. 

This  model  is  Illustrated  schematically  in  Fig.  6.  It  differs  from 

52-54 

the  earlier  film-rupture  theories"^  in  that  it  involves  tiannel  corrosion 
and  stages  of  ductile  fracture  of  the  metal  Itself. 

57 

The  cause  of  tunnel  corrosion  is  not  fully  understood.  Nielsen"^' 
suggested  that  the  tunnels  in  stainless  steels  may  form  by  corrosion  along 
Lomer-Cottrell  dislocations,  narrow  stacking-fault  ribbons,  or  alpha  ferrite 
needles.  The  first  two  of  these  possibilities  seems  unlikely  in  view  of  the 
observations  by  Swann  amd  his  colleagues  that  dislocations  within  the  slip 

This  model  was  developed  from  earlier  mechanisms  proposed  liy  Swann^,  and 

56 


by  Pickering  and  Swann' 
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FRACTURE 


6-  Schematic  representation  of  film-rupture  mechanism  for  stress - 
corrosion  cracking,  (a)  Pits  are  initiated  at  areas  where  ayxrfeuce  xilms 
have  been  ruptured  by  slip.  Uhder  suitable  conditions  the  pits  grow  into 
tubular  tvinnels.  (b)  R^pture  occurs  along  a  plane  containing  the  corrosion 
tunnels.  (After  Swann  and  Ebbury^.) 
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band  are  not  favored  sites  for  Initiation  of  the  tur-nels  ,  and  that  the 
tunnels  do  not  necessarily  follow  slip  planes^.  Vfestvood^  has  pointed 
out  that  similar  tunnels  have  been  found  in  llthiim  fluozlde  following 
immersion  in  water  containing  a  strongly-adsorbing  step-poison,  e«g.  fatty 
acid  molecules'^  or  ferric  fluoride  complexes  ;  tunneling  was  not  observed 
in  the  absence  of  such  poisons.  It  was  sugf^sted,  therefore,  that  the  pre¬ 
sence  in  solution  of  certain  strongly  adsorbing  species  may  be  responsible 
for  the  tunneling  found  in  materieds  e^.posed  to  environments  which  cause 
stress -corrosion  cracking.  In  this  connection,  it  is  Interesting  to  note 
that  the  chloride  ion  has  been  found  to  be  strongly  adsorbed  on  surfaces 
of  avmtenitic  stainless  steel^^. 

An  alternative  dlsiiolutlon  model  has  been  proposed  by  Hoar  and 
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Hines  ,  baaed  on  the  concept  of  mechanochemlcal  anodic  dissolution. 

According  to  this  approach,  anodic  dissolution  is  directly  assisted  by  con¬ 
tinuous  plastic  deformation.  Thus  yielding  at  the  tip  of  a  corrosion  cre¬ 
vice  is  thought  to  cause  preferential  dissolution  in  that  region,  and,  as 
in  the  film-rupture  model,  this  causes  further  localised  defoxmation.  In 
this  case,  cracking  then  proceeds  by  continuous  yielding  arid  localized  disso- 
lution  at  the  crack  tip.  Later  work  by  Hoar  and  his  colleagues'^'''^  has  been 
claimed  -to  provide  evidence  for  the  mechanocbemical  effect.  For  example.  Hoar 
and  ScuUy^^  have  investigated  the  effect  of  continuous  yielding  on  the  disso¬ 
lution  behavior  of  wires  of  13  pet  chromium,  8  pet  nickel  stainless  steel  in 
boiling  pet  aqueous  magnesium  chloride  solution,  maintained  at  a  constant 
potential  by  means  of  a  potentlostat.  The  anode  current  density  was  found  to 
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increase  significantly  with  Increasing  strain  rate.  Table  I,  Indicating  that 
yielding  causes  increased  rates  of  anodic  dissolution 

The  mechanism  of  the  proposed  mechanonechanical  effect  has  not  been 
explained,  although  it  has  been  suggested  that  the  arrival  of  dislocations 
Increases  the  nimiber  of  anodlcally  active  sites  by  disarraying  the  snuface^. 

It  was  further  suggested  that  this  effect  would  be  greater  in  materials 
which  shovr  restricted  slip  (l.e,  materials  exhibiting  planar  dislocation 
arrays)  than  in  those  idiich  can  cross  slip  readily.  This  argunent  would 
appear  debatable,  since  many  small  slip  steps  might  be  imagined  to  provide  a 
greater  nuaber  of  active  sites  than  several  large  steps. 

The  filffl-ngrture  model  and  the  mechanism  based  on  mecbanocbemlcal 
anodic  dissolution  can  be  seen  to  display  several  comaon  features.  In 
particular,  both  are  considered  by  their  advocates  to  be  operative  in  aus¬ 
tenitic  stainless  steels  undergoing  stress -corrosion  cracking  in  boiling 
42  pet  aqueous  magnesiua  chloride  solutions.  It  is  interesting  that  the  results 
of  Hoar  and  Scully^,  Table  I,  presented  as  evidence  for  the  mechanochemical 
model,  would  also  appear  to  be  consistent  with  the  f  ilm-ngiture  mechanism 
—  increasing  strain  rates  would  be  expected  to  lead  to  increasing  damage 
to  surface  films  and  hence  to  Increasing  anodic  dissolution.  However,  it 
is  comDonly  claimed,  on  the  basis  of  electrode -potential  studies,  that 
passivating  films  are  not  formed  on  stainless  steel  in  aqueous  magnesiw 
chloride,  particul^ly  in  solutions  acidified  by  the  addition  of  small 
amounts  of  hydrochloric  acid^'  .  On  the  other  band,  recent  metallographic 
evidence  by  Swann  and  Shbury^,  using  a  platlnua  decorating  techniqus^^. 
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suggests  that  a  flOia  Is  forned  and,  moreover,  that  It  Is  ruptiized  hy  plastic 
defozmatlon  of  the  substrate.  It  Is  clear  that  further  work  is  necessary 
to  clarify  the  rple  of  surface  films  in  this  system. 

The  final  dissolution  model  to  be  considered  involves  the  suggesticm 
that  solute  atoms  segregate  to  dislocations  created  during  stressing,  thus 
causing  preferential  at-^ack  at  these  defects^' This  approach  has  been 
developed  by  Tromans  and  Nutting^,  vho  pointed  out  that  the  path  of  cracking 
would  therefore  be  expected  to  depend  on  the  dislocation  structure  of  the 
stressed  material.  This  model  was  discussed  above,  ^re  it  was  seen  that 
it  accounts  to  some  extent  for  observaticxis  on  the  path  of  cracking  in  copper 
alloys.  Tromans  and  Ifuttlng  proposed  that  cracking  occurs  primarily  by  a 
single-stage  mechanism  involving  a  rapid  rate  of  chemical  attack  at  disloca¬ 
tions,  and  the  linking  of  these  corrosion  sites  to  form  aacrocracks.  How¬ 
ever,  it  could  be  argued  that  the  theory  is  essentially  one  for  crack  initia¬ 
tion,  since  it  leaves  many  questions  unanswered  concerning  crack  propagation. 
In  s\mimary,  then,  the  main  dissolution  models  are; 

(1) .  The  film-ruptiue  theory. 

(2) .  The  theory  involving  the  concept  of  mechanochemlcal  anodic  dissolution. 

(3)  •  The  theory  based  on  preferential  dissolution  at  "decorated"  disloca¬ 
tions. 


Mechanical  Models ;  It  was  seen  above  that  the  major  problem  faced  by 
mechanical  models  is  to  explain  how  the  presence  of  a  corrosive  environment 
causes  cracking  in  normally  ductile  materials.  Age-hardening  aluminmi  alloys 
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represent  a  special  case  because  they  possess  an  Inherent  structural  veak- 

ness.  Preferential  grain-boundary  precipitation  diulng  aging  leada  to  the 

foxnatlon  of  precipitate -free  zones  at  the  boundaries  In  these  alloys^ 

64 

Fig.  7  •  zones  are  oechanlcally  weak  compared  to  the  solid  solution 

within  the  grains  so  that  tqpon  stressing  they  become  the  sites  for  preferen- 
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tlal  defoxnatlone  Thomas  and  Nutting  have  suggested  that  grain-boundary 
deformation  plays  an  important  role  in  stress -corrosion  cracking,  alt^oxagh 
the  process  was  not  discussed  In  detail. 

Pugh  and  Jones^^  have  considered  the  stress -corrosion  cracking  of 
a  high-purity  altalnin  alloy  containing  5.5  p  >  zinc  and  2.5  pet  magneslun. 
Studies  of  the  surfaces  of  aged  specimens  undergoing  stress -corrosion  crack¬ 
ing  In  moist  air  Indicated  that  the  first  stage  in  the  process  was  the 
formation  of  continuous  paths  of  grain-boundary  deformation,  Fig.  6,  perpen- 
diciHar  to  the  tensile  axis.  The  grain-boundary  paths  Illustrated  in 
Fig.  8  appear  dark  and  well-defined  because  of  severe  surface  napllng  at 
the  boundaries  caused  by  deformation  within  the  precipitate -free  zones;  no 
cracks  were  present.  The  length  of  the  paths,  and  the  amount  of  deformation 
in  the  neighboring  grains,  was  observed  to  increase  with  time.  Fracture 
finally  occurred  over  an  Intercr^talUne  path  which  included  a  deformed 
path.  The  significant  feature  of  these  observations  was  that  no  cracks  rere 
detected  along  the  deformed  paths  before  final  fracture.  It  was  considered, 
therefore,  that  cracklog  occurred  'tif  rapid,  mechanical  fracture. 


Fi^.  C~  lUltistratlDg  paths  of  graia«bo\indaxy  aefozraatlon  in  an  aged 
aIiatlr  \iB-<lnc-«agi^slvB  alloy  atatlcalXy  stressed  in  aoist  air  for  3  days 
(above)  aiui  6  days  (below),  respectively.  Uw  specioens  were  jlectro- 
pollshcd  before  testing;  the  iotercrystaliioe  paths  appear  dark  because  of 
localized  sxirface  defoxaation  at  tho« grain  boundaries.  Bright  field* 
(Pi^h  and  Jbnes^^. ) 
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Tbe  foUuvlng  mechonisic  was  proposed  to  explain  these  observations: 

Grain  boxindaries  in  alloys  of  this  type  are  known  to  be  anodic  relative  to 

the  grains,  and  it  is  thought  that  exposure  to  corrosive  enviroments  leads 

k 

to  localized  attack  at  grain  boundaries,  fomicg  corrosion  crevices  *  • 

In  the  presence  of  tensile  stresses,  stress  concentrations  set  up  at  the 
extremities  of  these  crevices  are  relieved  by  plastic  deformation  within  the 
precipitate -f zee  zones.  The  preferential  defoxmatlon  in  turn  ruptures  pro¬ 
tective  (oxide)  films  in  the  grain  boundary  region,  leading  to  further 
localized  corrosive  attack.  In  this  way,  cycles  of  localized  coirrosion  and 
defozmation  occiu:  at  certain  grain  boundaries.  Hoxeover,  corrosion  crevices 
near  the  extremities  of  the  initial  paths  of  defonaaticoi  create  stress - 
concentrations  which  are  relieved  by  plastic  deformation  in  the  adjoining, 
previously  undefozmed  precipitate -free  zo^s,  thus  caualng  the  growth  of  the 
deformed  path.  At  thb  same  tlse,  repeated  cycles  of  (X>rro6ion  and  preferen¬ 
tial  defozmation  along  the  path  resuxt  in  hardeziing  and  eventual  crack 
initiation.  In  the  coarse-grained  specimens  (4  graina/om  )  used  in 
these  experiJBents,  the  Initial  crack  propagated  cataatroi^caJLly 
through  the  grain-boundary  zones.  This  would  not  be  tbe  case  in  ms  .eri’”!  of 
finer  grain  size,  in  which  several  cycles  of  grain-^undaxy  creep  a.^  mechanical 
fracture  would  be  expected. 

65 

'Hie  studies  of  Pugh  az^  Jones  were  confined  xo  hlgh-purlty  alloys 

cantai:.ing  zinc  and  magnesius.  However,  precipitate -free  tones  are  kzx>vn  to 

64 

exist  in  other  age-hardening  aluainw  alloys  ,  and  there  is  evldextce  that 

66  6? 

crack  propagation  is  aechanlcal  in  these  alloys  '  •  TSiezefoxe,  it  is  coo- 

siderc  i  likely  that  the  same  mechanism  is  operative. 
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WhUe  tte  mechaxilsm  otrtllned  above  accoiintB  for  many  characteristics 
of  stress •Ksorroslon  falliire  In  aluuinun  alloys,  several  aspects  of  the  pro¬ 
cess  require  further  study.  For  example,  the  stress -corrosion  life  of  age- 
hardening  aluolnm  alloys  is  known  to  decrease  with  Increasing  aging  time 

68  69  69 

to  a  minimum  value,  after  which  it  progressively  increases'^' (see  Pig.  9^)» 

It  has  been  claimed  that  minimum  life  occurs  at  maximum  hardness,  because 

the  difference  In  hardness  between  the  grains  and  the  precipitate -free  zones 

14  64 

is  thought  to  be  greatest  at  this  stage  '  .  However,  studies  of  high- 

pi^rlty  alloys  contain-^ng  5*5  pct  zinc,  2.5  pct  magnesium,  and  separate  additions 
of  small  amounts  of  either  copper,  manganese,  chromium,  silicon,  or  iron, 
have  indicated  that  minimum  life  occurs  considerably  earlier  in  the  aging 
process  than  peak  hardnesp^,  A  typical  relationship  between  stress -corrosion 
life  and  hardness  is  illustrated  in  Pig.  9,  No  explanation  has  been  put 
forward  relating  the  minimum  life  with  structural  changes  during  aging, 

A  second  area  requiring  further  attention  concerns  the  nature  of 
the  fractiire  surfaces.  According  to  the  proposed  mechanism,  crack  propaga¬ 
tion  is  purely  mechaniceil.  Brittle  intercrystalline  fracture  also  can  be 
produced  in  alloys  of  this  type  in  conventional  tensile  tests,  and  in  these 
instances  the  fractiire  surfaces  are  characterized  by  a  dimpled  pattern, 

thought  to  result  frcn  plastic  deformation  in  the  precipitate -free  zones 
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eihead  of  the  advancing  crack  .  It  would  be  expected,  on  the  basis  of  the 
preceding  model,  that  fracture  surfeujes  produced  during  stress -corrosion 
ci'auiking  would  show  a  similar  structure.  However,  freictographic  studies  by 
Forsyth  and  Ryder^^,  carried  out  on  a  stress -corroded  commercial  aluminun- 
zlnc-magnesim  aJJ-oy,  have  indicated  that  two  distinct  types  of  intercrystaLLLine 
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fracture  surface  exist.  One  type  vas  found  to  exhibit  the  dimpled  pattern^ 

but  In  the  other  case  the  surfaces  vere  smooth.  Indicating  that  cracking 

vas  accompanied  by  little  plastic  deformation.  It  Is  possible  that  the 

smooth  surfaces  correspond  to  the  inltleil  stages  of  fractmre  through  the 

severely  work  hardened  grain-boundary  zones,  and  that  the  dimples  occur  when 

the  crack  enters  previously  undefozmed  zeglons.  However,  further  metallo- 

graphic  studies  are  necessary  to  confirm  this. 

It  Is  clear  that  the  mechanism  outlined  for  aluninm  alloys  cannot 

be  applied  zo  the  more  general  case  of  Inherently  ductile  single -phase 

materials  such  as  a-brass  and  austenitic  stainless  steels.  Several 
29  49  71 

workers  '  have  suggested  that  stress -corrosion  cracking  in  such  cases 

Tay  result  from  the  adsorption  of  specific  ion  species.  Following  the 
approach  used  by  Fetch  in  his  theory  for  the  hydrogen  embrittlement  of 
steels^^^ Coleman  et  al,^  proposed  that  the  role  of  adsorption  is  to 
lower  surface  energy.  According  to  the  Petch-Stroh  relationship  (see 
above), 

Oj.  »  +  K  d"^/^  ...  [1] 

where  a™  is  the  stress  required  to  cause  brittle  fracture,  d  is  the  average 
r 

grain  diameter,  and  and  K  are  constants.  In  particular. 
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vbere  G  is  modulus  of  rigidity^  v  Poisson's  ratio^  and  r  the  sixtface  energy 
associated  with  the  f oimtion  of  new  surfaces  by  fracture .  Thus,  for  con¬ 
stant  grain  size,  it  foUovs  that  if  x  Is  reduced  by  any  process,  then  Op 
also  will  be  redviced. 

Coleman  et  al.  determined  the  stress  necessary  to  initiate  stress- 

corrosion  cracks  as  a  fiinctlon  of  grain  diameter,  d,  for  both  a  magnesiiin 

-6  pet  aluminum  alloy  in  a  sodium  chloride -potassium  chromate  solution,  and  for 

an  16-8  austenitic  stainless  steel  in  aqueous  magnesium  chloride  solution. 

-I/2 

The  relationships  between  the  stress  and  d  ^  were  claimed  to  be  linear  in 
both  cases,  e.g.  Fig.  3*  From  the  slope  of  these  relationships  and  from 
Eq.  [2],  y  was  found  to  be  93  ergs/cm^  for  the  magneslm-base  alloy, 
and  157  ergs/cm  for  the  steel.  These  values  are  considerably  lower  than 
estimates  of  the  true  surface  energies  for  these  materials,  'v  ^OO  and 
1000  ergs/cm  ,  respectively.  It  was  considered  that  the  reduction  in  y 
was  due  to  adsorption,  and  that  this  redix:tlon  allowed  brittle  fallxire  to 
occur  in  these  materials. 

This  conclusion  can  be  questioned  from  two  standpoints.  First, 
it  can  be  argued  that  the  data  do  not  provide  convincing  evidence  that  the 
Bstch-Stroh  relationship  is  obeyed,  since  the  grain-size  dependence,  if  it 
exists,  is  extremely  small  (see  Fig.  3}«  Second,  if  it  is  accepted  that 
this  relationship  is  in  fact  obeyed,  then  the  meaning  of  the  surface  energy 
term,  y,  can  be  quest ioned*^^.  It  would  appear  that  this  term  should  more 
properly  represent  the  total  energy  involved  in  the  creation  of  new  surfaces. 
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thus  including  such  textns  as  the  surface  free  energy,  the  energy  expended 
hy  plastic  deformation,  and  the  chemical  energy  si5)plied  hy  the  environment. 
The  relative  contribution  of  these  terms  to  the  total  energy  is  a  matter 
for  speculation.  Thus,  vieved  in  this  light,  the  claim  that  embrittle¬ 
ment  results  from  an  adsorption-induced  reduction  in  svirface  free  energy 
clearly  remains  to  be  demonstrated. 

The  surface -energy  mechanism  also  can  be  criticized  on  the  grounds 
that  it  does  not  e:^lain  the  specific  nature  of  the  environments  which 
cause  stress-corrosion  cracking,  nor  does  it  account  for  the  relative 
immunity  of  pure  metals  to  this  failure.  Furthermore  the  surface -energy 

approach,  which  has  also  been  put  forward  to  explain  liquid-metal  embrlttle- 
75 

ment'  ,  has  been  criticized  because  it  does  not  give  any  insight  into  the 
mechanism  of  failure  on  an  atomic  scale^^'"^^.  More  recently,  an  alterna¬ 
tive  adsorption-dependent  mechanism  has  been  proposed  for  liquid  metal 
embrittlement,  according  to  which  embrittlement  results  from  the  adsorption 
£uid  interaction  of  specific  species  with  strained  bonds,  causing  a  localized 
reduction  in  cohesive  strength^^'*^^^^^.  In  addition,  recent  work  has 

suggested  that  the  embrittlement  of  the  non-metakl  silver  chloride  in  certain 

5-8 

aqueous  solutions  occurs  by  a  similar  adsorptlon^iependent  mechanism''^  . 

The  embrittlement  of  silver  chloride  is  of  particular  interest  be¬ 
cause  it  displays  many  of  the  phenomenological  characteristics  of  stress - 
corrosion  cracJcLng  in  metals : 

(l)  Fractxue  of  polycrystcds  stressed  in  air  is  ductile  and  transcrystalline, 

but  becomes  brittle  and  Intercrystalline  when  the  tests  are  conducted  in 

5-8 

certain  aqueous  environments^  . 
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(ll)  In  tests  iinder  constant  load,  the  relationship  hetveen  time  to  failure, 
t^,  and  the  stress  level  is  similar  to  that  for  metals  undergoing  stress- 
corrosion  cracking,  cf.  curve  A,  Fig.  10^  and  Pig.  1. 

(ill)  Environments  which  cause  embrittlement  are  specific.  In  each  case, 

dissolution  of  the  specimens  in  embrittling  solutions  leads  to  the  foxna- 

tlon  of  silver  complex  ions,  Table  II.  Complex  ions  in  solixtions  which  cause 

cracking  can  have  different  structures  and  can  be  either  positively  or 

negatively  charged,  but  the  magnitxkLe  of  the  charge  must  be  high,  >  1-t 

6,7 

and  >  2-,  Table  II  . 

It  has  been  proposed  that  cracking  in  silver  chloride  results  from 

the  adsorption  of  highly  charged  complex  ions  at  regions  of  stress  concen- 

tration  For  example.  Intercrystalline  cracks  are  commonly  initiated 

when  slip  bands  are  arrested  at  grain  boundaries  of  large  mlsorientation. 

Fig.  11(a) j  on  the  other  hand,  cracking  is  not  observed  at  boundaries  idiere 

the  stress  fields  associated  with  the  blocked  slip  baxids  are  relieved  by 

slip  In  the  neighboring  grain.  Fig.  uCb)*^.  Once  a  crack  is  formed,  the 

tip  itself  becomes  a  region  of  stress  co.x:entration.  It  was  suggested  that 

adsorption  of  the  complex  ions  at  strained  bonds  perturbs  the  distribution 

# 

of  bonding  electrons  ,  reducing  bond  strength  and  hence  aQJLowlng  rupture  at 
reduced  stress  levels. 

Embrittlement  in  silver  chloride  was  considered  to  result  from 
adsorption  rather  than  from,  say,  stress -dependent  dissolution  for  several 
reasons : 

^Bondi.ig  in  silver  chloride  is  thought  to  be  70  covalent  and  )0  pet 
ionic 
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Fig.  1>  Effect  of  applied  stress  on  the  tine  to  failure  of  polycrystalline 
silve.-  chloride  stressed  in  6N  aqueous  sodiun  chloride  solutiwis  at  room 
temperature.  (Westwood  et  al.^) 
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Table  II*  The  Relationship  between  the  Charge  on  Silver  Conplex  Ions 
and  their  Ability  to  Babrittle  Polycrystalline  Silver  Chloride  (after 
Westwood  et  al.”'^). 
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Fifi.  il-  Specioen  of  poiycrystalline  silver  chloride  deformed  in  6N  sodium 
chloride  solutions  presaturated  with  AgCl^  ions,  (a)  Cracks  are  initiated 
where  slip  is  arrested  by  a  grain  boundary  of  suitably  large  misorientation, 
(b)  Cracks  are  not  formed  when  the  boundary  is  such  that  stress -concentrations 
associated  with  arrested  slip  bands  are  relieved  by  slip  in  the  neighboring 

n 

grain.  Transmitted  light.  (Westwood  et  al. ' ) 
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(I)  was  observed  to  decrease  mai’kedly  when  the  testing  solutions  were 
presaturated  with  the  silver  complex  Ions  before  testing^  Fig.  ICp, 

Similarly,  t^  for  specimens  tested  In  "unpresaturated"  solutions  Increased 
when  the  voluae  of  the  test  solution  vas  Increased,  Fig.  10;  this  was  attri¬ 
buted  to  the  fact  that  longer  times  were  then  required  to  produce  a  suffl- 
dent  complex-ion  concentration  to  cause  cracking  . 

(II)  Embrittlement  did  not  occur  In  potasslm  chloride  solutions^,  despite 
the  fact  that  the  solubility  of  silver  chloride  in  these  solutions  Is 
virtually  the  same  as  that  In  sodium  chloride  solutions  of  the  same  Cl** 

Ion  concentration*^  (sodium  chloride  Is  highly  embrittling,  see  Fig.  10). 

The  reason  that  potasslua  chloride  does  not  cause  embrittlement  Is  thought 
to  be  because  mixed  potasslim  and  silver  complex  Ions  of  charge  <  3-  are 
formed  In  this  casc^,  see  Table  II. 

(ill)  Fractographlc  studies  of  both  poly-  and  monocrystal  specimens  ijsdi- 

7 

cated  that  striae  existed.  Fig.  12  ‘ .  These  markings,  irtilch  were  perpendi¬ 
cular  to  the  direction  of  crack  propagation,  yere  considered  to  result  from 
a  discontinuous  fracture  process,  caused  by  the  Inability  of  the  slowly 

•7 

diffusing  complex  ions  to  keep  up  with  the  advancing  crack'. 

While  the  preceding  observations  are  consistent  with  an  adsorption- 
dependent  mechanism,  they  cannot  be  explained  In  terms  of  a  dissolution- 
dependent  model. 

The  observations  on  si  vu-r  chloride  would  ajpear  to  support,  by 

analogy,  the  view  that  an  adsorption -dependent  process  is  operative  In  stress - 

29  4Q  71 

corrosion  cracking  of  metals  ,  and  that  the  role  of  corrosion  any  be 


/Ig*  1-  -  Fracture  surface  of  a  single  cryrstAi  of  silx'cr  chloride  stressed 
in  6U  sodiua  chloride  solution  presaturated  with  AgCl^  ions,  illustrating 
striae.  The  direction  of  crack  propagation  is  indicated  by  the  arrow. 
Bright  field.  (Westwood  et  al.^) 
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to  produce  (via  dissolution)  the  spoclflc  ion  species  responsible  for 
29 

cracking  •  In  this  connection,  the  failure  of  a-brass  in  aiwnoniacal 
environoente  is  of  particular  interest,  because  dissolution  of  copper  in 

such  enYiroiments  leads  to  the  formatiori  of  cupric  coqplex  ions  of  the 

2+  82-8*5 

general  type  Cu(NHy^  •  Moreover,  It  has  been  dmonstrated  thai. 

the  life  of  brace  upeclxaens  in  aqueous  ammonia  is  markedly  reduced  when 

large  concentrations  of  these  ions  are  introduced  into  the  solution  '  fore 

tte  test  comoences,  e.g.  Fig.  13^^.  Qy  analogy  with  the  obsenrations  .a 

the  embrittleiiient  of  silver*  chloride,  these  results  suggest  that  failure 

in  brass  ms^  also  res'ilt  frc«  adsorption  of  coiqplejc  ions.  However,  it  will 

be  seen  In  the  foUoving  section  that  this  is  not  the  case. 

Toe  possibility  that  the  role  of  corrosion  is  siaply  to  pzo'vide  the 

25 

embrittling  ion  species  has  beer,  investigated  by  comparing  stress -corrosion 

s 

life  in  "fresh"  and  "preconcentrated"  solutions  for  (i)  a  aagneslua-alusinun 
alloy  in  aqueoiis  sodiiu  chloride  -  8«'yii\ia  chromate  solution,  (ii)  an  age- 
hardened  commercial  aluxdnim  alloy  (2024)  in  aqueous  oodlua  chloride,  and 
(lii)  a  504  austenitic  stainless  steel  In  boiling  4^  magnesium  chlcride 
solution  .  In  each  case,  the  testing  eolutlona  were  ps'^saturated  by  the 
addition  of  filings  obtained  from  the  material  to  be  tested.  No  signifi¬ 
cant  vairlation  in  times  to  failure  at  a  given  atreas  were  noted  for  any  of 
the  systems,  e.g.  see  Fig.  1. 


The  experiments  on  the  stainless  steel  were  carried  out  by  E.  E.  Denhard, 
Arsco  Steel  Corporation,  Baltimore. 


TIME  TO  FAILURE  (sec) 


Fig.  Ij-  Stress-corrcsion  data  for  a-brasG  stressed  in  oxygenated  concen¬ 
trated  aqueous  ammonia  l^N),  and  in  concentrated  aqueous  ammonia  con- 
tainin;^;  6  g/l  copper.  The  copper  exists  in  solution  as  the  complex  ion 
Cu(NHj;:'^.  (Pugh  et  al.®^) 
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It  Is  concluded,  then,  that  while  there  is  good  evidence  for  an 
adsorption-dependent  Btechanlsin  for  the  embrittlement  of  the  non-metal  silver 
chloride  In  aqueoiis  environments,  there  It  not,  as  yet,  any  unambiguous 
experimental  support  for  such  a  process  In  metals. 

A  significant  advance  In  our  uz^rstandlng  of  stress -corrosion  crack- 

86 

ing  in  a-brass  has  followed  the  recent  proposal  by  Forty  and  Huable^  that 
cracking  In  certain  ammonlacal  solutions  proceeds  by  the  i.epeated  formation 
and  rupture  of  a  characteristic  black  oxide  layer,  commonly  termed  the 
tarnish.  The  process  is  illustrated  schematically  in  Pig.  l4.  The  first 
stage  involves  the  formation  and  rupture  of  the  tarnish.  Pig.  l4(a)  and 
Fig.  14(b).  An  essential  feature  of  the  theory  is  that  the  crack  does  not 
propagate  into  the  brass  substrate,  but  becomes  blunted  by  plastic  deforma- 
tion  in  the  brass,  Fig.  l4(c)  .  Fresh  brass  is  then  exposed  to  the  tarnish¬ 
ing  solution,  allowing  the  process  to  be  repeated,  Fig.  l4(d)  -  l4(f).  Crack¬ 
ing  thus  proceeds  in  a  discontinvious  fashion,  producing  a  fracture  surface 
similar  to  that  illustrated  in  Fig.  l4(g). 

Evidence  for  the  tarnish-rupture  model  is  convincing: 

qQ 

(i)  Fractographic  studies  by  McEvily  and  Bond'”  established  that  striae  exist 
on  stress-corrosion  fract\ire  surfaces,  euid  that  they  were  perpendicular  to 
the  direction  of  crack  propagation.  Fig.  I5.  This  is  strong  evidence  for  dis¬ 
continuous  cracking,  and  is  thus  fully  consistent  with  the  tarnish -rupture 
model,  cf.  Fig.  15  and  l4(g). 

This  is  in  contrast  to  an  earlier  suggestion  by  Forty  '  that  a  crack  initiated 
in  brittle  surface  layers  could  propagate  for  a  finite  distance  into  the  sub¬ 


strate  . 


y'^DIRECTION  OF  CRACK 
PROPAGATION 

(g) 

Fig.  l4-  (a)  through  (f).  Schematic  representation  of  tarnish-rupture 

mechanism  for  stress -corrosion  cracking  of  brass,  (g)  Resulting  fracture 


surface . 


Fig.  15-  Electron  micrograph  of  replica  of  stress -corrosion  fracture 
face  in  a-brass.  Note  striae.  (After  McEvily  and  Bond^.) 
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(ii)  Forty  and  Hunble^  have  shown  that  "crack-llke  penetrations"  can  ha 

produced  in  a-hrass  single  crystals  by  repeated  isunersion  of  unstressed 

specimens  followed  by  stressing  in  the  absence  of  the  environment.  Inter- 

25 

crystalline  cracks  also  can  be  propagated  in  this  fashion  For  example, 

Fig.  l6(a)  illustrates  psot  of  an  Intercrystalline  crack  (the  tip  is  marked 
by  the  arrow)  in  a  specimen  that  was  Immersed  unstressed  in  a  tarnishing  solu¬ 
tion  for  10  min,  and  then  washed,  dried,  and  plastically  deformed  in  air  by 
means  of  a  manmlly  operated  Jig.  Note  that  the  brass  substrate  is  visible 
at  the  base  of  the  crack.  Fig.  l6(a);  cf.  Fig.  l4(c).  When  the  specimen  was 
re-iom^rsed  for  a  further  10  min,  the  base  of  the  crack  became  tarnished. 

Fig.  l6(b);  cf.  Fig.  l4(d).  The  specimen  was  then  stressed  and  the  crack 
shown  in  Fig.  l6  observed  by  means  of  an  optical  microscope.  By  "pulsing" 
the  stress  it  was  possible  to  propagate  the  crack  discontinuously  to  the 
grain -boundary  triple  point  A,  where  it  Joined  a  second  crack  which  propagated 
from  B.  In  addition,  the  crack  became  deeper,  the  brass  substrate  being 
barely  discernible.  Fig.  l6(c);  cf.  Fig.  l4(f).  Repeated  cycles  led  to  com¬ 
plete  intercrystalline  fedlure. 

The  extent  of  crack  propagation  during  each  stressing  operation  is 
limited  by  the  depth  to  which  the  tarnishing  reaction  has  advanced  beyond  the 
crack  tip.  Thus  continued  stressing  during  an  inte'rmediate  stage  resulted  in 
blunting  of  the  cracks,  and  final  fracture  was  ductile.  The  number  of  cycles 
necessary  to  cause  failure  could  be  controlled  by  varying  the  time  of  immersion. 
It  was  interesting  to  note  that  gruln  boundaries  of  specimens  Immersed  for  many 
hours  became  completely  penetrated  by  the  tarnish,  and  it  was  then  possible  to 
fracture  the  specimens  into  many  rmall  pieces  manually.  Fracture  was  completely 
Intercrystalline  in  these  ceuses. 
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Fig*  l6-  lUustratlng  the  propagation  of  an  IntercrystcULline  crack  In 
a-hraes  by  Immersing  an  unstressed  specimen  In  a  tarnishing  solution 

/  U6 

foUov^d  by  stressing  In  air.  See  text  for  details.  (Pugh  and  Vtestvood  • 
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Specimens  ruptured  In  this  fashion  vere  closely  similar  In  appear¬ 
ance  to  those  tested  In  conventional  tests  where  the  stress  was  applied 
while  the  specimens  were  Immersed  In  solution.  Note  that  these  observa¬ 
tions  would  appear  to  Invalidate  the  classical  definition  of  Sutton  et  al.^ 
(see  above according  to  which  stress -corrosion  cracking  requires  the 
simultaneous  action  of  stress  and  corrosive  attack. 

The  preceding  observations  provide  strong  si^port  for  the  tarnish- 
rupture  theory.  Moreover,  they  cannot  be  reconciled  with  dissolution  models, 
such  as  that  proposed  by  Graf  and  Richter  However,  the  mechanism  of 
tarnish  rupture  is  not  fully  understood.  In  single  crystals,  the  morpho¬ 
logy  of  cracks  In  the  tcunlsh  has  been  shown  to  be  related  to  the  slip 

86 

vector  in  the  underlying  brass  .  Houever  cracking  in  polycrysteLLline 

28 

specimens  is  predominantly  intercrystalHne,  and  JfcEvily  and  Bond  have 

presented  evidence  that  massive  deformation  of  the  substrate  Is  not 

necessary  for  tarnish  rupture.  These  workers  have  suggested  that  cracking 

may  Involve  both  dislocation  motion  In  the  tarnish,  and  epitaxial  stresses . 
23 

Recent  work  has  indicated  that  the  original  grain  boundaries  of  the 

brass  are  mali;talned  in  the  oxide,  and  It  is  possible  therefore  that  these 

act  as  barriers  to  dislocation  motion  (within  the  tarnish),  resulting  In 

the  initiation  of  intercrystalHne  cracks.  Further  work  is  necessary  to 

investigate  the  possibility  of  such  a  semi -brittle  process. 

While  the  tarnish -rupture  model  accounts  for  stress -corrosion 

cracking  in  tarnished  brass,  there  is  evidence  that  failure  also  can  occur 

16  ^^6  05 

in  ammoniacal  solutions  idilch  do  not  cause  tarnishing  *  *  For  example. 
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it  hac  been  reported  that  both  stress -corrosion  life^  tp,  and  surface  con¬ 
dition  of  brass  specimens  tested  in  concentrated  l^N)  aqteous  ammonia 
depend  on  the  concentration  of  the  complex  ion  Cu(NHj)j  present  in  the 
environment  .  Figure  17 va)  illustrates  the  relationship  betveen  tp  for 
specimens  tested  under  a  constant  load  and  the  copper  content  of  the  solu¬ 
tions^  which  in  these  experiments  was  directly  proportional  to  the  complex¬ 
ion  concentration.  The  concentration  at  which  the  welJL-defined  inflection 
occurred  (''»  2.7  g/l  copper)  was  foxond  to  correspond  to  the  onset  of 
tarnishing  —  that  is^  specimens  tested  in  solutions  of  lover  concentration 
were  tamish-free^  while  in  solutions  of  higher  concentration  they  were 
tarnished.  The  onset  of  tarnishing  also  was  reflected  by  a  maximum  in  the 
relationship  between  the  rate  of  veight  loss  and  the  copper  content  of  the 

solution,  Fig.  17(b}.  The  initial  increasing  rates  of  weight  loss  with 

85 

increasing  copper  content  has  been  shown  to  result  from  the  foUoving  auto- 

v2+ 


catalytic  reaction  between  Cu(NE^)^  ions  and  copper  at  the  brass  surface: 
Cu(l«Hj)|*  +  C^Burf^e  2  Ou(lll^)*  +  NH,  )->  2  CudW,)®*  ...  [}) 


Stage  (a)  of  this  reaction  was  considered  to  occur  only  at  tamish-free 
brass  surfaces,  so  that  the  appearance  of  the  tarnish  causes  a  decreasing 
rate  of  weight  loss. 

These  and  other  observations  indicated  that  two  mechanisms  of 

46 

stress -corrosion  cracking  are  operative  in  a-biass  .  The  mechanism  of 
failure  in  the  absence  of  the  tarnish  was  not  fully  explained.  The  fact 
that  decreasing  t-  with  increasing  copper  content  was  accompanied  with 


RATE  OF  WEIGHT  LOSS  (mg/min)  TIME  TO  FAILURE  (sec) 


COPPER  CONTENT  (g/l) 

Fi^,  17-  Effect  of  copper  content  of  ammonia  environment  on  (a)  time  to 

falliiTb  of  a-brass,  and  (b)  rate  of  weight  loss  of  unstressed  brass  and 

copper  specimens.  The  copper  exists  in  solution  as  the  cupric  complex  ion 
2+ 

Cu(NH^)c  ;  the  concentration  of  the  latter  is  directly  pro>>ortional  to  the 

46 

copper  content  of  the  solutions.  (Pugh  and  Westwood  .) 
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Incii^ased  rates  of  velght  loss,  cf.  Figs.  17(a)  and  17(b),  vas  considered  to 
rule  out  the  possibility  of  an  adsorptlon<4ependent  mechanism  similar  to  that 


thought  to  occur  In  silver  chloride.  Note  that  in  the  latter  case,  pre¬ 
saturated  solutions  caused  no  detectable  weight  loss^.  On  the  other  hand, 
the  evidence  was  consistent  with  the  dissolution  model  proposed  by  Tromans 
and  Nutt  The  preferential  removal  of  zinc,  which  was  seen  (above)  to 

be  a  prerequisite  for  this  model,  was  thought  to  result  from  an  exchange  re- 
action  between  Cu(NH^)^  Ions  and  zinc, 

CuChh,)!*  +  +  11^.  •  •  •  W 


occurring  at  the  tamlsh-free  surface. 

Consideration  of  the  role  of  the  complex  Ion  Cu(llH^)^  has  led  to 
the  development  of  a  model  for  tarnishing,  according  to  idiich  the  formation 
of  a  detectable  tarnish  depends  on  two  competing  processes,  namely  (i) 
growth  of  tarnish  and  (ll)  dissolution  of  tamlqh  .  Tarnish  growth  was 
considered  to  depend  on  the  rate  of  supply  of  oxygen  to  the  tarnish  surface, 
and  also  on  the  rates  of  diffusion  of  the  anions  and  cations  in  the  tarnish 
layer.  It  was  proposed  that  the  high  Yates  of  diffusion  necessary  for  tarnish 

growth  result  from  the  preferential  removal  of  zinc  from  the  tarnish  surface, 

« 

which  In  effect  Injects  vacancies  Into  the  layer  .  Note  that  a  detectable 
tarnish  Is  not  formed  on  copper  svufaces.  The  preferential  removal  of  sine 
was  thought  to  occur  by  reaction  with  Cu(H{^)^  ions,  by  reaction  [4].  The 
rate  of  dissolution  of  the  tarnish  was  found  to  depend  strongly  on  con¬ 
centration.  Thus  by  controlling  the  concentration  of  these  ions  it  was  shown 


This  approach  Is  based  on  an  earlier  suggestion  by  Forty  '  which  invohed  de- 
zinciflcation  at  essentially  film-free  brass  surfaces. 
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that  the  copper  content  of  the  solution  at  which  tarnishing  occurred  could 
he  varied  significantly. 

According  to  the  preceding  discussion,  the  specific  action  of 

oxygenated  aqueous  aamonia  in  causing  stress -corrosion  cracking  in  a-hrass 

2+ 

stems  frcm  the  presence  of  cupric  complex  ions  such  as  Cu(NH^)^ 

(Cu(NH^)j^  ions  have  been  found  to  behave  similarly  ^}.  The  role  of  there 

ions  appears  to  be  to  preferentially  remove  zinc,  via  reaction  [4],  from 

both  tarnished  emd  tamlsh-free  brass  surfaces. 

These  considerations  also  are  relevant  to  practical  aspects  of 

stress -corrosion  cracking  in  brass.  POr  example,  season  cracking  is 

commonly  observed  in  moist  Industrial  atmospheres.  Under  these  conditions, 

it  has  been  suggested  that  shallow  layers  of  adsorbed  water  can  pick  up 

cxygen  and  ammonia,  thus  setting  up  conditions  favoring  toe  fozuation  of 

85 

large  concentrations  of  cupric  complex  ions  and  hence  causing  cracking  . 
Similarly,  it  is  well  known  that  failure  in  stressed  specimens  partially 
immersed  in  aqueous  ammonia  generally  occurs  at,  or  Just  above,  the  level 
of  the  solution.  This  effect  can  be  attributed  to  conditions  within  the 
meniscus  i.e.  small  volune  and  ready  access  of  oxygen,  which  again  leads 
to  the  formation  of  large  complex-ion  concentrations  *  ^ . 

The  success  of  the  tarnish-rupture  theory  in  accounting  for  stress - 
ourrosion  cracking  in  tarnished  brass  necessitates  a  re-examirAtion  of 
failures  in  other  systems  to  determine  whether  a  similar  mechanism  may  be 


96 


operative.  There  already  is  evidence  that  oxide  rupture  plays  an  important 
role  in  the  Cracking  of  gamma  uranlUB  alloys  in  certain  aqueous  envirorments 
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Moreover,  the  observations  of  Nielsen'^  on  the  falliire  of  austenitic  stain¬ 
less  steel  in  boiling  magnesium  chloride  solutions  are  of  particular  in¬ 
terest  in  this  connection.  Election-microscope  studies  of  corrosion  pro¬ 
ducts  removed  from  within  stress -corrosion  cracks  revealed  that  a 
"terraced"  or  "laminated"  topogiaphy  existed.  Fig.  l8.  The  occurrence  of 
the  surface  markings  was  not  explained  at  that  time,  but  it  is  now  attrac¬ 
tive  to  speculate  that  they  corr^'^pond  to  the  striae  observed  in  the  case 
of  brass.  Fig.  1^.  It  mi:st  be  emphasised,  however,  that  the  existence  of 
strlao  on  fracture  surfaces  does  not  necessarily  indicate  that  fracture 
involves  the  rvqrtvire  of  a  brittle  film.  For  example,  such  markings  were 
observed  ii';  the  c^se  of  embrittled  silver  chloride.  Pig.  12,  but  there  is 
little  possibility  of  the  foxtoation  of  brittle  surface  films  in  that  material. 
Purthir  stud^',  e.g.  experiments  similar  to  those  carried  out  in  a-brass, 
in  which  unstressed  specimens  are  immersed  in  the  environment  and  then 
st'.essed  in  the  absence  of  the  environment  (see  Pig.  l6),  is  necessary  to 
deteruilne  whether  a  (brittle)  film-rupture  mechanism  is  operative  in 
axistenitic  stainless  steel. 

COMCLIEIOI© 

While  many  aspects  of  stress  >  corrosion  cracking  remain  obscure, 
it  is  cor^luded  that  s  ifficient  evidence  now  exists  to  rule  out  the 
exist-r.ee  of  a  generalized  theory.  In  aged  alvxzinu&  alloy.^,  failure  is 
cons-lered  to  be  mechanical,  resulting  from  corrosion-indjced  creep  in  the 
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Fig.  18-  Transmission  electron  micrograph  of  corrosion  product  taken  from 
within  a  stress -corrosion  crack  in  austenitic  stainless  steel.  Note 
"striae".  (After  Nielsen^^) 


precipitate -free  zones  at  grain  bovmdaries .  There  is  strong  evidence 
that  the  failure  of  a-brass  in  certain  ammoniacal  environments  occurs 
by  the  repeated  formation  euid  rupture  of  the  brittle  tarnish  layer.  How¬ 
ever,  failure  also  occurs  in  this  system  under  conditions  when  no  tarnish 
is  formed,  indicating  that  a  second  mechanism  is  operative.  The  latter  is 
not  fully  understood,  but  it  is  suggested  that  it  may  involve  a  dissolution- 

36 

dependent  mechanism  of  the  type  proposed  by  Trouans  and  Nutting  ,  that  is, 
by  the  preferential  dissolution  at  dislocations,  generated  during  the 
stress -corrosion  process,  which  are  made  chemically  reactive  by  segrega¬ 
tion  of  zinc  atoms  to  these  sites.  Embrittlement  of  the  non-metal  silver 
chloride  in  certain  complex -foming  environments  is  thought  to  occur  by 
an  adsorption-dependent  mechanism.  However,  there  is  no  unambiguous 
evidence,  as  yet,  for  such  a  mechanism  in  metals. 

Stress -corrosion  cracking  in  many  other  ccjomiercially  Important 
systems  remains  to  be  explained.  The  success  of  the  tarnish-rupture 
mechanism  in  the  case  of  brass  clearly  necessitates  a  re-examination  of 
these  failures  to  determine  whether  a  similar  mechanism  is  operative. 

In  the  longer  tern,  it  is  evident  that  any  real  understanding  of  the  pro¬ 
blem  in  any  particular  system  requires  a  knowledge  of  the  specific  action 
of  the  environment.  The  role  of  chloride  ions  in  the  stress-corrosion 
cracking  of  austenitic  stainless  steels  is  a  case  which  warrants  immediate 


attention 
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